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In Gram-positive bacteria, T-box riboswitches regulate the expression of aminoacyl-tRNA synthetases and other proteins in response to fluctuating transfer RNA aminoacylation levels under various nutritional states 1 . T-boxes reside in the 59-untranslated regions of the messenger RNAs they regulate, and consist of two conserved domains. Stem I contains the specifier trinucleotide that base pairs with the anticodon of cognate tRNA. 39 to stem I is the antiterminator domain, which base pairs with the tRNA acceptor end and evaluates its aminoacylation state 2 . Despite high phylogenetic conservation and widespread occurrence in pathogens, the structural basis of tRNA recognition 3, 4 by this riboswitch remains ill defined. Here we demonstrate that the 100-nucleotide T-box stem I is necessary and sufficient for specific, high-affinity (dissociation constant (K d ) 150 nM) tRNA binding, and report the structure of Oceanobacillus iheyensis glyQ stem I in complex with its cognate tRNA at 3.2 Å resolution. Stem I recognizes the overall architecture of tRNA in addition to its anticodon, something accomplished by large ribonucleoproteins such as the ribosome, or proteins such as aminoacyl-tRNA synthetases 5 , but is unprecedented for a compact mRNA domain. The C-shaped stem I cradles the L-shaped tRNA, forming an extended (1,604 Å 2 ) intermolecular interface. In addition to the specifier-anticodon interaction, two interdigitated T-loops near the apex of stem I stack on the tRNA elbow in a manner analogous to those of the J11/12-J12/11 motif 6 of RNase P and the L1 stalk 7 of the ribosomal E-site. Because these ribonucleoproteins and T-boxes are unrelated, this strategy to recognize a universal tRNA feature probably evolved convergently. Mutually induced fit of stem I and the tRNA exploiting the intrinsic flexibility of tRNA and its conserved post-transcriptional modifications results in high shape complementarity, which in addition to providing specificity and affinity, globally organizes the T-box to orchestrate tRNA-dependent transcription regulation.
T-box riboswitches contain conserved stem I and antiterminator domains separated by a variable linker. In some T-boxes, this linker contains three stem-loops. In the tRNA Gly -specific glyQ and glyQS T-boxes, there is only one short stem-loop and a ,13-nucleotide single-stranded segment (Extended Data Fig. 1 ). We analysed the contribution of different T-box segments to tRNA binding by isothermal titration calorimetry (ITC). Full-length Bacillus subtilis glyQS T-box, a 39 truncation leaving only the antiterminator residues that base pair with the tRNA acceptor end, and an isolated stem I domain all bind tRNA Gly with comparable affinity (Fig. 1a-c) . Therefore, stem I provides essentially all the binding energy to tRNA. Proximal or distal truncations of stem I abrogate binding (Extended Data Fig. 2 ). Mutagenesis shows that high-affinity binding is contingent on cognate specifier-anticodon base pairing (Extended Data Table 1 ). However, stem I recognizes tRNA elements outside of the anticodon stem-loop (ASL), because an isolated ASL derived from tRNA Gly does not bind appreciably (Extended Data Fig. 2 ). We conclude that stem I is necessary and sufficient for specific, high-affinity tRNA binding by the T-box riboswitch. Heats of injection (kcal mol -1 Residues 14-158 a, ITC analysis of tRNA binding by full-length glyQS T-box (residues 14-182). b, Binding by a 39-truncated T-box (residues 14-158). c, Binding by an isolated T-box stem I (residues 14-113). d, Sequence and secondary structure of the cocrystallized glyQ stem I and tRNA Gly RNAs. Leontis-Westhof 30 symbols denote non-canonical base pairs. Lines with embedded arrowheads denote chain connectivity. The tRNA (shaded) is numbered conventionally ('t' precedes tRNA residues). e, Cartoon of the complex structure. Colour-coding as in d; segments altered to facilitate crystallization and the YbxF protein are in white.
To understand how an RNA domain of only ,100 residues can recognize a 76-nucleotide tRNA, we co-crystallized stem I from the glyQ T-box riboswitch of Oceanobacillus iheyensis (Fig. 1d) with tRNA Gly and the bacterial K-turn binding protein YbxF, and solved its structure at 3.2 Å resolution (Methods). Stem I folds into an irregular helix of ,110 Å contour length that cradles tRNA (Fig. 1e) . Several RNA structural motifs are arranged linearly in stem I, consistent with phylogenetic conservation 1, [8] [9] [10] [11] . The proximal end of stem I contains a K-turn 12 , which introduces a 120u bend into the helical path. YbxF recognizes the K-turn as seen previously in its SAM-I riboswitch complex 13 . Immediately distal is the specifier trinucleotide, which base pairs with the tRNA anticodon, as predicted genetically 2 . This is followed by a loop E motif 14 , with the extruded G20 forming an S-turn. The helical trajectory bends ,65u at a dinucleotide bulge (residues 29-30), allowing stem I to track the tRNA. A bulge (but not its sequence) is conserved at this location in T-box stem I domains 11 (Extended Data Figs 1 and 3) . The phylogenetically conserved secondary structure of the distal portion of stem I contains another bulge followed by an apical loop (Extended Data Fig. 1 ). In our co-crystal structure, this bulge and the loop each folds into a pentanucleotide T-loop 15 . The two T-loops interdigitate and recognize the structurally conserved elbow of tRNA. Association with tRNA Gly buries 1,604 Å 2 of the solvent-accessible surface area of stem I (Extended Data Fig. 3 ). Of these, 939 Å 2 are at the specifier-anticodon interaction and three adjacent interfaces where the backbones of loop E and two stem I segments on the same helical face contact backbone atoms of the tRNA anticodon stem. The remaining 665 Å 2 are at the apical region of stem I, which contacts two D-loop residues and one T-loop residue of the tRNA. The solvent-accessible area of tRNA buried by the T-box is comparable to those buried by several aminoacyl-tRNA synthetases (ARSs) 5 , but much larger than the ligand surface areas buried by most riboswitches 16 . T-boxes have a conserved purine 11 immediately 39 to the three specifier nucleotides. Our structure reveals that this nucleotide (A90) stacks underneath the wobble base pair (C89NtG34; tRNA residue numbers are preceded by 't') and also hydrogen bonds to A16 (Fig. 2a) . A similar stabilizing interaction occurs in the P-site of the ribosome, where the universally conserved C1400 of 16S ribosomal 
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RNA stacks underneath the tRNA-mRNA wobble pair 7, 17 . Nearsymmetrically to A90, tA37 stacks on top of the specifier-anticodon duplex. A purine typically occupies tRNA position t37 and is often post-transcriptionally modified into a larger nucleobase. The nucleotide preceding the first specifier nucleotide of stem I (A86) is unstacked from the specifier-anticodon duplex because of its participation in the sheared ANA pair that initiates the loop E motif of stem I. This unstacking produces a pocket that could accommodate large, modified t37 nucleobases ( Fig. 2a and Extended Data Fig. 4) .
The two interdigitated T-loops and adjacent nucleotides from the distal end of stem I together form a compact structural module consisting of six stacked layers (Extended Data Fig. 5 ). The most distal of these is formed by three co-planar bases, C44, A56 and G63. In the stem-I-tRNA complex, this base triple stacks on the conserved tRNA base pair tG19NtC56 (Fig. 2b) . This conserved tertiary pair joins the apices of the tRNA D-and T-loops and forms the 'elbow' of all elongator tRNAs. Thus, the two T-loops of stem I stack on the T-and D-loops of tRNA using the flat molecular surfaces formed by two interlocked loops in each RNA (Fig. 2b, c) . The nucleobase of tU20, another conserved residue from the D-loop of tRNAs, extends the interface by stacking on the ribose of stem I residue C64 (Fig. 2d) itself part of a conserved base pair 11 . Similar extrahelical stacking of t20 has been observed in tRNA-ARS complexes 18, 19 . Position t20 is posttranscriptionally modified in most tRNAs to dihydroudirine, which stabilizes the C29-endo conformation of the nucleotide 20 , potentially enhancing stacking with the ribose of C64 in stem I. The functional importance of several stem-I-tRNA interactions revealed by our cocrystal analysis is supported by mutagenesis and ITC analysis (Fig. 2e) . In particular, alterations to the specifier, the adjacent purine (A90), the core and the distal surface of the interdigitated T-loops are all strongly detrimental.
Sequence analysis and modelling 9, 10, 21 have previously suggested that the two interdigitated T-loops of stem I fold and function similarly to the J11/12-J12/11 internal loops of RNase P (ref. 22) , and the L1 stalk in the E-site of the 50S ribosomal subunit 23 . Our co-crystal structure confirms this. However, the stem I T-loops bind to the tRNA elbow in the opposite orientation from those of RNase P and the ribosome 6, 7 (Extended Data Fig. 6 ). Because there is no evidence that 23S rRNA, RNase P and T-boxes share an ancestor, the use of interdigitated T-loops to recognize the tRNA elbow has probably evolved independently at least three times.
Association with stem I distorts tRNA locally and globally. The tRNA Gly ASL rearranges after T-box binding, probably to avoid steric
clash. Its open structure free in solution 24 superimposes poorly on that in the complex (Fig. 3a, b) . Comparison with ribosome structures reveals that, similar to tRNAs engaged in translation 7, [25] [26] [27] , the stem-I-bound tRNA Gly bends near the t26Nt44 pair at the junction of the anticodon and D stems. This bend resembles that of a P/P state tRNA (,10u relative to the free tRNA Phe ), but is more pronounced (,20u; Fig. 3c, d) . Thus, in addition to deforming the anticodon loop, the T-box seems to exploit the intrinsically flexible t26Nt44 hinge to shift the tRNA elbow by ,11 Å , bringing it into contact with the distal base triple of stem I (Extended Data Fig. 7) .
Stem I also undergoes pronounced conformational changes after tRNA binding. A structure 21 of an apical fragment of stem I shows good agreement of the interdigitated T-loops; however, a ,20u hinge motion proximal to the T-loops must occur concomitant with binding to avoid steric clash with the tRNA (Fig. 4a) . Comparison with the solution structure 28 of a proximal fragment of a tyrS T-box shows that specifier residues rotate on average 34u out of the minor groove to base pair with the anticodon. This rotation propagates, moving the functionally crucial A90 by 4 Å so it stacks under the specifier-anticodon duplex (Figs 2e and 4b) . The propagation also results in continuous stacking of the phylogenetically conserved purines 29 (A8-A19) on the 59 strand of stem I. Markedly different from the extended structure 28 exhibited in solution in the absence of tRNA, the proximal residues of stem I fold into a canonical K-turn in the tRNA complex. This results in a marked contraction of the distance separating the 39-terminus of stem I from the acceptor end of tRNA (Fig. 4c) . This distance needs to be bridged by the short linker separating the glyQS stem I from the antiterminator (Extended Data Fig. 1 ) for the T-box riboswitch to function. A role for the K-turn in organizing the large-scale architecture of the T-box-tRNA complex reconciles its reported requirement in vivo 8 and its lack of contribution to tRNA binding affinity in vitro (Extended Data Fig. 2 and Extended Data Table 1 ). Therefore, the mutually induced fit of stem I and tRNA not only gives rise to specific, high-affinity binding, but also organizes the overall architecture of the 59-untranslated region to orchestrate the aminoacylation-dependent transcriptional termination decision.
Despite having different sequences and being extensively modified post-transcriptionally, all elongator tRNAs share a common overall Gly with the ribosomebound P/P tRNA (PDB code 4GD2, orange). 
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architecture as well as a flexible hinge that allows efficient transit through the ribosome. Our T-box-tRNA co-crystal structure reveals how a gene-regulatory mRNA domain exploits all these molecular features of tRNA in addition to the anticodon sequence for specific recognition. Phylogenetic conservation indicates that T-boxes use a conserved structural scaffold to recognize divergent tRNAs. Our analysis therefore provides a framework with which to understand the coevolution of interacting RNA molecules.
METHODS SUMMARY
O. iheyensis glyQ T-box stem I was modified for crystallization by deleting one base pair from the distal side of the K-turn (above the A11NG95 pair) and introducing three base pairs at its proximal end. O. iheyensis tRNA Gly GCC was circularly permuted and its acceptor stem was capped with a GAAA tetraloop (Fig. 1d) . The two RNAs and one equivalent of selenomethionyl B. subtilis YbxF (200 mM complex in a buffer consisting of 50 mM HEPES-KOH, pH 7.0, 100 mM KCl, 20 mM MgCl 2 and 5 mM tris(2-carboxyethyl)phosphine (TCEP)) were co-crystallized at 21 uC by vapour diffusion by mixing with an equal volume of a reservoir consisting of 50 mM Bis-Tris (HCl), pH 6.5, 300 mM Li 2 SO 4 and 20% (w/v) PEG3350, supplemented with 0.2% (w/v) low-melting-point agarose. Co-crystals with the symmetry of space group C222 1 were incubated in a harvesting solution consisting of 50 mM Bis-Tris (HCl), pH 6.5, 100 mM KCl, 20-50 mM SrCl 2 , 40-45% (w/v) PEG3350 and 5 mM TCEP for 16 h before flash-freezing in liquid nitrogen. Diffraction data were collected at 100 K at beamlines 5.0.1 and 5.0.2 of the Advanced Light Source (ALS), and beamlines 24-ID-C and 24-ID-E of the Advanced Photon Source (APS). Single wavelength anomalous dispersion (SAD) phases from selenomethionine and Sr 21 ions were combined with molecular replacement phases obtained using tRNA and a K-turn-YbxF complex as search models to produce initial electron density maps. The structure, which contains two stem-I-tRNA Gly -YbxF ternary complexes per crystallographic asymmetric unit, has been refined to R free 5 25.2%, and has a mean coordinate precision of 0.47 Å (Extended Data Table 2 ). The two ternary complexes in the asymmetric unit superimpose closely. Biochemical and ITC analysis of the T-boxtRNA interaction was performed using RNAs derived from the B. subtilis glyQS sequence (Extended Data Fig. 1 ).
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
RNA and protein preparation. Biochemical and ITC analysis of the T-boxtRNA interaction was performed using RNAs derived from the B. subtilis glyQS sequence (Extended Data Fig. 1 ). For crystallization, the O. iheyensis glyQ T-box stem I RNA was modified by deleting one base pair from the distal side of the K-turn (above the A11-G95 pair) and introducing three base pairs at its proximal end. The O. iheyensis tRNA Gly GCC was circularly permuted, and its acceptor stem was capped with a GAAA tetraloop (Fig. 1d) . These alterations did not adversely affect the stem-I-tRNA association (Extended Data Fig. 2h and Extended Data Table 1 ). B. subtilis glyQS T-box and tRNA Gly constructs, O. iheyensis glyQ T-box stem I RNA (A89C), and O. iheyensis tRNA Gly (Fig. 1d) were transcribed in vitro using T7 RNA polymerase from double-stranded DNA templates generated by PCR, as described 31 , except that 2 ml of PCR reaction product was used for each 5-ml transcription. RNAs were purified by electrophoresis on 8% polyacrylamide, 8 M urea gels (29:1 acrylamide:bisacrylamide), electroeluted, washed once with 1 M KCl, desalted by ultrafiltration, and stored at 4 uC. Selenomethionyl B. subtilis YbxF was expressed and purified as described 13 .
ITC. To suppress oligomerization, tRNA
Gly was heated to 90 uC in water for 3 min and cooled to 4 uC over 2 min immediately before use. RNA samples for ITC experiments were equilibrated in a buffer consisting of 100 mM KCl, 50 mM HEPES-KOH, pH 7.0, and 10 mM MgCl 2 by ultrafiltration. ITC experiments were performed at least in duplicate at 20 uC with 20 mM T-box RNA in the cell and 200 mM tRNA or ASL in the syringe, using a MicroCal iTC 200 microcalorimeter (GE). Initial data analysis was performed as described [32] [33] [34] ; then, data from replicate experiments were fitted globally 35, 36 using SEDPHAT and NITPIC to arrive at the dissociation constants and uncertainties in Extended Data Table 1 . Co-crystallization and diffraction data collection. Engineered O. iheyensis tRNA Gly (75 nucleotides) was heated to 90 uC in water for 3 min and cooled to 4 uC over 2 min, mixed with one equivalent of stem I RNA and incubated in the presence of 50 mM HEPES-KOH, pH 7.0, 100 mM KCl, 20 mM MgCl 2 and 5 mM tris(2-carboxyethyl)phosphine (TCEP) at 50 uC for 10 min and then at 37 uC for 30 min. One equivalent of selenomethionyl B. subtilis YbxF was then added. The solution was adjusted to 200 mM complex, 2 mM spermine, 0.2% (w/v) lowmelting-point agarose and held at 37 uC. For crystallization, the complex was mixed 1:1 with a reservoir solution consisting of 50 mM Bis-Tris (HCl), pH 6.5, 300 mM Li 2 SO 4 and 20% PEG3350. Plate-shaped crystals grew in 1-4 weeks to maximum dimensions of 300 3 300 3 50 mm
3
. After incubation in 50 mM BisTris (HCl), pH 6.5, 100 mM KCl, 20-50 mM SrCl 2 , 40-45% PEG3350 and 5 mM TCEP for 16 h, crystals were dissected out of the agarose using MicroSaws (Mitegen), mounted on 90u bent MicroLoops (Mitegen), and vitrified by plunging into liquid nitrogen. Co-crystals have the symmetry of space group C222 1 . Unit cell dimensions are in Extended Data Table 2 . Single-wavelength anomalous dispersion (SAD) data were collected at the selenium K edge (0.9792 Å ) at 100 K at beamlines 24-ID-C and 24-ID-E of the Advanced Photon Source (APS), and indexed, integrated, and scaled using the NE-CAT RAPD pipeline that uses XDS 37 and Scala
38
. Additional data were collected at beamlines 5.0.1 and 5.0.2 of the Advanced Light Source (ALS), and processed with HKL2000 (ref. 39) . Data collection statistics are summarized in Extended Data Table 2 .
Structure determination and refinement. Four selenium sites were identified from crystal I data using SHELX-D (ref. 40) through HKL2MAP (ref. 41) . The resulting SAD phases were combined with model phases resulting from placing two truncated search models each of tRNA 42 (PDB code 3L0U) and K-turn bound by YbxF 13 (PDB code 3V7E) using MOLREP 43 , in a strategy similar to that described 44 . Subsequently, the composite ensemble (two copies each of tRNA and the K-turn-YbxF complex) was located in a merged, high-redundancy data set (crystals I-II-III) using PHASER 45 , allowing completion of the anomalous atom substructure, which consists of eight selenium atom sites and three Sr 21 ions. SAD (mean overall figure of merit 5 0.36) and model phases were combined using the molecular replacement-SAD pipeline implemented in PHENIX 46 and density-modified using RESOLVE 47 , producing a substantially improved electron density map (Extended Data Fig. 8 ) with which manual model building could begin. Iterative rounds of manual model building 48 , molecular replacement, and phase-combination produced a near-complete model. This model was then subjected to additional manual building interspersed with iterative rounds of rigidbody, simulated-annealing, and individual isotropic B-factor refinement against crystal I data using PHENIX. Refinement statistics are summarized in Extended Data Table 2 . The maximum likelihood coordinate precision of the current model is 0.47 Å . Ramachandran analysis shows that 92.4% of the amino acid residues are in the most favoured regions, 7.0% in allowed regions, and 0.6% (one residue) in disallowed regions. The two stem I and tRNA molecules in the asymmetric unit superimpose closely (root mean squared deviation (r.m.s.d.) of 1.1 and 0.7 Å , respectively). In the crystals, the flat surface formed by the interdigitated T-loops on the face opposite the tRNA elbow stacks on both the apical nucleobase of the GAAA tetraloop of the engineered tRNA, and the terminal (most proximal) base pair of stem I from symmetry-related molecules.
Comparisons were performed against the following structures: tRNA Gly ASL (PDB code 2LBJ, ref. 
